Abstract Freshwater resources in the River Thames basin in southern UK are faced with combined pressures of future population growth and climate change. River basin managers are seeking increasingly innovative methods to meet water demand whilst at the same time maintaining ecological status. Using a river network hydrochemical model modified to account for possible future climate and population, the paper assesses the impact on downstream water quality of changing the location of a major point of abstraction serving the city of Oxford. The rationale behind the hypothetical change, although entailing an increase in energy costs and capital expenditure, was that flows would be maintained along a sensitive stretch of river. Model results at a location a further 23 km downstream suggested that better water quality would arise from this change. The predicted improvements included a decrease in the annual frequency of low DO concentrations (<6 mg L −1 ) from 8-9 days to 2-3 days and a decrease in 90th percentile (summer) temperatures of 0.6°C. It is believed these improvements would primarily be attributable to shortening of river residence time which curtails accelerated phytoplankton growth. The overall conclusion, of relevance both for the Thames basin and elsewhere, is that water quality in a river network can be surprisingly sensitive to the location of abstractions. Changing the location of abstractions should be considered as part of a suite of measures available to river basin managers when making plans to meet future water demand.
Introduction
Across the globe, freshwater resources are increasingly being threatened due to population growth and changes in climate. Likely depletion of water resources will be exacerbated by increased pollution loads and treatment costs (Wen et al. 2017) . As well as potentially failing to satisfy human needs, decreasing flows/river levels have adverse impacts on aquatic habitats and biodiversity (Laize et al. 2013) . The principle of environmental flows is becoming increasingly embedded in management planning and acknowledges that water abstraction must be constrained where possible such that river ecosystems are not impaired (Acreman and Ferguson 2010) . Matching water availability under conditions of escalating demand is increasingly problematic. Identifying suitable combinations of investment strategies for addressing water scarcity in ways that protect ecosystems, in addition to providing sufficient supply, is a common challenge throughout the world (Vörösmarty et al. 2010) . Meeting this challenge involves complex socio-economic considerations for which analysis using dynamic models can provide valuable insights (Dadson et al. 2017) .
The Thames river basin (southern UK) illustrates many contemporary issues, facing a likely increase in population (12% for England from 2017 to 2041: ONS 2017) alongside increasing climatic stress. An increase in flood frequency and magnitude brought about by climate drivers is very possible (Bell et al. 2012) . At the other extreme, a future downward trend in low flows is likely (Prudhomme et al. 2012) . Projections suggest water resources will be threatened unless water is managed more efficiently and sustainably in domestic and industrial sectors (Hutchins et al. 2016b ). Allied to this it is expected that the increasing river residence time arising from lower baseflow will trigger longer and more severe eutrophication episodes (Bowes et al. 2012; Hutchins et al. 2016a ). Water companies are seeking concerted and innovative ways of balancing future water supply with environmental requirements. Thames Water (2016) are evaluating a suite of measures such as additional reservoir capacity, water transfers, waste-water re-use and desalinisation to meet the likely shortfall. Equally, regulators are working towards coherence in water quality and water resource planning around climate adaptation.
The present paper seeks to show how an alternative configuration of water infrastructure (abstraction and effluent locations) can, in the right circumstances, help protect river water quality whilst minimising energy usage and capital expenditure. Specifically the alternative scenario we consider maintains river flows in a stretch of the Thames passing through Oxford where rapid increases in chlorophyll concentrations are observed in most years (Bowes et al. 2012) . To do this we use QUESTOR, a water flow and quality model developed for the upper Thames (Hutchins et al. 2016a ).
Method

Study Area
The Thames, a river of total length 354 km has the largest catchment area wholly in England (Fig. 1) . In the basin, 40% of water supply comes from groundwater (predominantly Oolitic Limestone and Cretaceous Chalk aquifers). In terms of the water quality of groundwater bodies, 47 and 38% have poor quantitative and chemical status respectively (Environment Agency 2016) . Whilst the majority of surface water bodies have good chemical status, only a small minority (<10%) meet good ecological status.
The upper Thames (catchment area at the town of Wallingford 3445 km 2 ) is the focus of the present study. The upper basin receives mean annual rainfall of 744 mm (Marsh and Hannaford 2008) . It is predominantly rural despite being highly populous (the dominant land classification being arable (45%), with only 6% urban/suburban). Surface water supply is primarily from Farmoor Reservoir (with an abstraction from the river 2.9 km upstream of Site 2 on Fig. 1 . At Wallingford, ample nutrient loads sustain phytoplankton; nitrate-N and total phosphorus in recent years always exceeding 1.4 and 0.09 mgL −1 respectively (Bowes et al. 2012 ).
Model Description
The QUESTOR model application (Hutchins et al. 2016a ) focuses on a stretch representing 126.4 km of river channel network (comprising the River Cherwell and River Thame tributaries and the main Thames) split into 41 reaches. The model is fed by 23 tributaries and 7 major STWs, and accounts for 2 abstractions and 22 weirs. The main determinands simulated are chlorophyll-a (a proxy for phytoplankton biomass), biochemical oxygen demand (BOD), dissolved oxygen (DO), inorganic phosphorus (equating to SRP, the Soluble Reactive Phosphorus fraction), organic phosphorus, nitrate, particulate organic nitrogen, ammonium, pH, temperature, flow and photosynthetically-active radiation in the water column. The processes represented are aeration, BOD decay, deamination, nitrification, denitrification, benthic oxygen demand, BOD sedimentation, phosphorus mineralisation, in conjunction with a biological sub-model of phytoplankton (comprising growth, respiration and death), which includes nutrient uptake and release. A mixed phytoplankton population is assumed. The equations describing DO, BOD, temperature and chlorophyll-a are given (Online Resource 1). Values of the Nash-Sutcliffe efficiency goodness-of-fit statistic for model performance at Wallingford (Site 4) for a two-year period of testing against weekly data were 0.81, 0.77, 0.13 and 0.22 for temperature, nitrate, SRP and chlorophyll-a respectively. Further model performance statistics are shown below (Table 1 ) and discussed in detail by Hutchins et al. (2016a) . Overestimation in SRP is predominantly attributed to especially low flows in the Thame tributary, conditions known to promote attenuation of phosphorus in bed sediments, which is not represented in the model. Mismatches of chlorophyll time series primarily arise through assuming a constant grazing rate for phytoplankton loss. Data are insufficient to represent grazing in the model in more detail.
Model Applications
The model was run for a 4 year period, based on 2009-12 weather patterns, but with modifications made to account for changes which may occur under future climate and population growth. Input conditions in tributaries and other influences (e.g. for N and P concentrations) were defined by taking present day monthly mean concentrations. Thereby it was assumed that agricultural nutrient management practice and levels of sewage treatment would remain unchanged. Daily radiation data were provided from Little Rissington near the River Windrush in Gloucestershire (NGR 4299 2107) by the British Atmospheric Data Centre (MIDAS Landsat Data). To account for effects of riparian shading, direct radiation reaching the water surface was reduced by 19% under conditions of full leaf, this reduction equates to riparian canopy occupancy of 27%. Waylett et al. (2013) provide further details of the procedure for quantifying shading. Representations of effects of future climate on river flows and water temperature were guided by modelling of hydroclimatology (Prudhomme et al. 2012) as summarised for the Thames by Hutchins et al. (2016a) . Focus was made on best capturing summer conditions when river water quality is most vulnerable to deterioration. To represent population growth, the UK Office for National Statistics previously estimated a 16% growth from the period covered by QUESTOR model testing up to 2035. To allow for these projections the following modifications to all present-day daily values of model input were made: To meet the objectives of the paper a pair of model applications was undertaken to represent the following scenarios ( Fig. 2): 1. A system with the same configuration for abstraction as occurs presently (i.e. abstraction from the River Thames upstream of Farmoor Reservoir). BPresent Configuration (PC)2 . A scenario whereby the volume of water currently abstracted upstream of Farmoor is abstracted from the river further downstream near the town of Abingdon instead (Site 3) and piped back to Farmoor for storage and distribution. BAlternative Configuration (AC)^. This Alternative Configuration (AC) scenario would avoid the reduced flows for the 20 km stretch through Oxford, thereby reducing residence times.
Results and Discussion
Whilst simulated flows will differ between the scenarios from reach to reach between Sites 2 and 3, at Wallingford (Site 4) they are identical for the two configurations. In contrast, a set of water quality indicators, representative of summer low flow periods when conditions are most vulnerable, are substantially better under the alternative configuration (Table 2 ). These indicators are assessed in the context of regulatory standards. UKTAG (2008) Fluctuating and periodically low DO occurs throughout the summer when river flows are low (Fig. 3) . These did not occur in the wet summer conditions of 2012. The number of days with low DO are more frequent under PC than AC. The key difference for DO and other indicators of water quality is that in the BPresent Configuration^, when conditions become drier in the summer, the flow rate becomes low in the 20 km stretch of the Thames passing through Oxford (between Farmoor and Sandford where Oxford sewage effluent returns to the Thames). These low flows provide potentially longer residence times and therefore viable conditions for phytoplankton blooms to develop and then crash due to nutrient limitation. Crashes generate BOD and remove DO. Lower flows and longer residence times also lead to higher water temperatures which in turn can further lower the DO. In the BAlternative Configuration^flow levels are maintained through the stretch between Farmoor and Sandford. Consequently accelerated eutrophication and its impacts are less likely to occur, and the river will warm up to a lesser extent.
It is apparent that the differences in DO between the two configurations by no means wholly arise from differences in water temperature (Fig. 4) . Especially in early-midsummer these differences are driven by eutrophication impacts, corresponding more strongly to differences in chlorophyll-a and BOD.
Wider Implications
Abstracting from Abingdon instead of upstream of Farmoor Reservoir (for water supply to urban areas such as Oxford) may not initially seem rational from the perspective of economic and energy costs, yet the water quality downstream is predicted to be substantially better. Of particular note is the projected reduction in the incidence of DO falling below the ecological threshold of 6 mg L −1
. The incidence of poor water quality is attributable to periods where flows are low in part of the river network, in this case through Oxford. The finding, that flow levels can have direct water quality and ecological implications, is of direct relevance for the pinpointing of environmental flow requirements. Our results, identifying considerable implications arising from moving a major abstraction point, merit further discussion. Water supply in the Thames has some inherent vulnerability to climate pressures, as the storage space quoted by Thames Water (2016) is only of the order of 100 days. Of the options available to meet future shortfall, raw water transfers from wetter regions of the country have been put forward. Whilst those water transfers deemed plausible (Thames Water 2016) have a deployable output of approximately 3 m 3 s −1 and could greatly improve water quality as well as meeting shortfalls, adverse effects are likely. Canal or pipeline construction is complex. Transfers may introduce invasive species and will impair the natural flow regime in the upper Thames. In addition, impacts on the source water body may be detrimental. An analysis of the differences in capital expenditure and operating costs between raw water transfer options and a re-configuration of reservoir storage outlined above is out of the scope of this paper. Nevertheless, some broad differences are noteworthy. Piping and treating Thames river water from Abingdon, which is more polluted than river water at Farmoor, would clearly incur greater overall costs than that entailed presently. In comparison however, a potential transfer from the adjacent River Severn basin would potentially be much more costly, needing to cover a far longer distance (approximately 4 times as far) and much hillier terrain (approximately 10 times the increase in altitude).
It seems that the option addressed here should be considered alongside other major water supply options when making plans to meet future water demand. We argue that such considerations should be built into strategic appraisals by river basin managers of the various options available. This is important both in basins such as the Thames, but not least in those regions throughout the world where urbanisation is predicted to proceed much more rapidly and where infrastructure is currently minimal or absent. ) and Water Temperature (°C)
